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EHKLQG WKH FODGGLQJ LQWR WKH GUDLQDJH V\VWHP ,Q FDVH RI VSODVKZDWHU UHDFKHV LQWR WKH FDYLW\ WKH YHQWLODWLRQZLOO
FDUU\ LW RXW E\ FRQYHFWLYH PDVV WUDQVIHU PHFKDQLVPV :KHUH JUDYLW\GULYHQ GUDLQDJH RI UDLQ ZDWHU LV D
VWUDLJKWIRUZDUGSURFHVVWRDYRLGZDWHULQJUHVVWKHFRQYHFWLYHUHPRYDORIPRLVWXUHLVDFRPSOH[SURFHVVUHODWHGWR
WKHK\JURWKHUPDOPDWHULDOSURSHUWLHVRI WKHDSSOLHGPDWHULDOVWKH LQGRRUDQGRXWGRRUFRQGLWLRQV WKHVKDSHRI WKH
FDYLW\DQGLWVRSHQLQJV7KH WRSLFRIFDYLW\YHQWLODWLRQKDVEHHQ LQYHVWLJDWHGE\VHYHUDODXWKRUVDSSO\LQJYDULRXV
H[SHULPHQWDO PHDVXULQJ WHFKQLTXHV )RU H[DPSOH *XGXP >@ LQYHVWLJDWHG  FDYLW\ YHQWLODWLRQ EHKLQG D FODGGLQJ
PDWHULDO E\ LQMHFWLQJQLWURXV R[LGHZLWK FRQVWDQW GRVDJH%DVVHWWDQG0F1HLO >@ VLPLODUO\ VWXGLHG WKH IORZ UDWH
ZLWKFDUERQGLR[LGHWUDFHUWHFKQLTXHIRUDYDULHW\RIFODGGLQJPDWHULDOV7KHDXWKRUVPHQWLRQHGWKDWWKHVHWUDFHUJDV
PHWKRGVDUHDSSOLFDEOHIRUDZLGHUDQJHRIYHQWLODWLRQUDWHVRYHUWKUHHRUGHUVRIPDJQLWXGH7HQ:ROGHHWDO>@
RQ WKH RWKHU KDQG GHYHORSHG DPHWKRG WR GHULYH WKH RYHUDOO DLU FKDQJH UDWH EDVHG RQ WKHPHDVXUHG DLU SUHVVXUH
GLIIHUHQWLDOV DFURVV WKH FODGGLQJ )XUWKHU FDYLW\ YHQWLODWLRQ KDV DOVR EHHQ PHDVXUHG E\ YDULRXV DXWKRUV ZLWK
DQHPRPHWU\>HJ@)DONDQG6DQGLQ>@IRULQVWDQFHVWXGLHGYHQWLODWLRQUDWHVE\PRQLWRULQJWKHDLUYHORFLW\ZLWK
DQRPQLGLUHFWLRQDODQHPRPHWHULQWKHPLGGOHRIWKHFDYLW\%DVHGRQWKHLUPHDVXUHPHQWVWKHDXWKRUVGHYHORSHGD
VWUDWHJ\ WR DVVHVV WKH GULYLQJ SRWHQWLDOV FRUUHVSRQGLQJ WR WKHUPDO EXR\DQF\ DQG ZLQG SUHVVXUHV 7KHUHDIWHU WKLV
PHWKRGZDVDSSOLHGWRFRPSHQVDWHIRUFKDQJLQJ IORZFRQGLWLRQVZKLFK FDQQRWEHGHWHFWHGE\ WKHRPQLGLUHFWLRQDO
DQHPRPHWHUV/DVWO\DOVRPHWKRGVDSSO\LQJVPRNHYLVXDOLVDWLRQDUHGRFXPHQWHG LQ WKH OLWHUDWXUH6DQGLQ >@ IRU
H[DPSOHVWXGLHGWKHDLUIORZUDWHEHKLQGEULFNYHQHHUZLWKDQGZLWKRXWRSHQKHDGMRLQWLQ6ZHGHQ
$ UHFHQW %HOJLDQ >@ VWXG\ FRPSDUHG WKH DERYHPHQWLRQHG H[SHULPHQWDO PHWKRGV IRU YDULRXV FODGGLQJ
FRQILJXUDWLRQV7KHDXWKRUVFRQFOXGHGWKHDLUSUHVVXUHUHJLVWUDWLRQPHWKRGDQGWKHPHWKRGVDSSO\LQJDQHPRPHWU\
DVPRVW DSSOLFDEOHPHDVXULQJ WHFKQLTXHV EXW WKH\ QRWH WKDW WKHPRVW DSSURSULDWHPHDVXULQJ WHFKQLTXH RI DZDOO
V\VWHP LV GHSHQGLQJ RQ LWV W\SH RI FODGGLQJ 7KH DXWKRUV VWDWH IRU LQVWDQFH WKDW FDUH KDV WR EH WDNHQ ZKHQ
GHWHUPLQLQJWKHDLUFKDQJHUDWHWKURXJKDQHPRPHWU\GXHSRVVLEOHELDVUHODWHGWRFROGEULGJLQJHIIHFWRIWKHVHQVRUV
7KH SUHVHQW SDSHU FRPSDUHV WKH YHQWLODWLRQ UDWH EHKLQG WZR W\SLFDO UHVLGHQWLDO FODGGLQJ V\VWHPV EULFN YHQHHU
DQG VLGLQJV %DVHG RQ WKH UHFRPPHQGDWLRQV IRUPXODWHG E\ /DQJPDQV DQG 5RHOV >@ WKH DLU FKDQJH UDWH ZDV
PHDVXUHGERWKZLWKDQHPRPHWU\DQGDLUSUHVVXUHUHJLVWUDWLRQWHFKQLTXHV(LJKWWHVWZDOOVZLWKYDULRXVFRQILJXUDWLRQ
KDYHEHHQLQVWDOOHGLQWKH9/,(7WHVWEXLOGLQJRI.8/HXYHQ>@)LUVWWKHWHVWVHWXSDQGWKHZDOOFRQILJXUDWLRQ
VWXGLHGZLOOEHSUHVHQWHG7KHUHDIWHUWKHUHVXOWVZLOOEHGLVFXVVHGZLWKWKHIRFXVRQWKHFRPSDULVRQRIWKHFODGGLQJ
V\VWHPDQGWKHLPSDFWRIWKHYHQWLODWLRQRSHQLQJV
 0HWKRGRORJ\
7HVWVHWXSDQGZDOOFRQILJXUDWLRQV
)LHOGPHDVXUHPHQWV RQ FDYLW\ YHQWLODWLRQ DUH SHUIRUPHG DW WKH9/,(7WHVW EXLOGLQJ RI.8/HXYHQ %HOJLXP
7KLVWHVWEXLOGLQJKDVPHDVXULQJVHFWLRQVRULHQWHGWRWKH1RUWKHDVWDQGWKH6RXWKZHVW,Q%HOJLXP6RXWKZHVWLVWKH
GLUHFWLRQRISUHYDLOLQJZLQGVZLQGGULYHQUDLQVDQGVRODULUUDGLDWLRQ1RUWKHDVWRULHQWHGIDoDGHVRQWKHRWKHUKDQG
KDUGO\UHFHLYHDQ\VXQRUUDLQ0RUHLQIRUPDWLRQRQWKHEXLOGLQJ¶VJHRPHWU\ORFDWLRQDQGRULHQWDWLRQFDQEHIRXQG
LQ>@
,QWRWDOHLJKWVHSDUDWHWHVWZDOOV[PðZHUHLQVWDOOHGLQWKHWHVWEXLOGLQJVHH)LJXUH7ZRWHVWZDOOVZLWK
EULFN YHQHHU FODGGLQJ DQG WZR ZDOOV ZLWK ILEUH FHPHQW VLGLQJV DUH RULHQWHG ERWK WR WKH 1RUWKHDVW DQG WR WKH
6RXWKZHVWGLUHFWLRQ
7KHRYHUDOOFRQILJXUDWLRQRIWKHWHVWZDOOVZLWKWKHVHQVRUSRVLWLRQLQJLVSUHVHQWHGLQ)LJXUH6WDQGDUGEULFNYHQHHU
RIFPLVDSSOLHG LQZKLFKDJULGV\VWHP LV LQVWDOOHGDWWKH WRSDQGERWWRP WRDOORZDYDULDWLRQ LQWKHQXPEHURI
RSHQKHDGMRLQWV,QWKLVZD\WKHQXPEHURIRSHQKHDGMRLQWVFDQEHYDULHGIURP]HURWRRSHQLQJVSHUPHWHUZLWK
WKHVL]HRIHDFKRSHQLQJEHLQJ[[FPñ)RUWKHRWKHUWHVWZDOOVFPWKLFNZKLWHFRORXUHGDQGK\GURSKREDWHG
ILEUHFHPHQWVLGLQJVDUHDSSOLHG7KHVHWHVWZDOOVKDYHDYHQWLODWLRQRSHQLQJRIFPDWWKHWRS7KHERWWRPRSHQLQJ
LV DOVR FP FORVHGZLWKD SHUIRUDWHGPHWDO VKHHW WR SURWHFW WKHZDOO IURPYHUPLQ DW WKH ERWWRP ,Q WKHQH[W WZR
VHFWLRQVWKHDSSOLHGPHDVXULQJPHWKRGVZLOOEHRXWOLQHG
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)LJXUH6RXWKZHVWIDoDGHRIWKH9/,(7WHVWEXLOGLQJZLWK$EULFNYHQHHUWHVWZDOODQG%WHVWZDOOZLWKILEUHFHPHQWVLGLQJV
+RWEHDG$QHPRPHWU\
(DFKWHVW VHFWLRQ LVHTXLSSHGZLWKDQRPQLGLUHFWLRQDOKRWEHDGDQHPRPHWHUZKLFKLV ORFDWHGLQWKHPLGGOHRI WKH
FDYLW\ VHH )LJXUH  7KH DLU FKDQJH UDWH $&+ LV GHULYHG IURP WKH PHDVXUHG YHORFLWLHV E\ DVVXPLQJ D UDWLR
EHWZHHQWKHPD[LPXPYHORFLW\XPD[DQGZLWKDYHUDJHGYHORFLW\XPRI>@
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ZLWKKWKHKHLJKWRI WKHFDYLW\7KHDGYDQWDJHRI WKLVPHWKRG LV LWV SURPSWDQGFRQWLQXRXVUHJLVWUDWLRQRI WKHDLU
FKDQJHUDWH7KHPDLQGLVDGYDQWDJHVKRZHYHUDUH WKHORZHUOLPLWRI WKHVHVHQVRUV XPD[!PVRU$&+!
KWKHLULQGHSHQGHQF\RIWKHIORZGLUHFWLRQDQGWKHORZVSDWLDOPHDVXULQJUHVROXWLRQ
$LUSUHVVXUHPHDVXUHPHQWV
,QDGGLWLRQHDFKWHVWVHFWLRQLVSURYLGHGZLWKWKUHHDLUSUHVVXUHVHQVRUVLQRUGHUWRPHDVXUHWKHDLUSUHVVXUHGURS
DFURVVWKHRYHUDOOFDYLW\VHH)LJXUH7KHPHDVXUHGDLUSUHVVXUHGLIIHUHQWLDOVDUHWUDQVODWHGWRDLUFKDQJHUDWHVE\
DVVXPLQJWKHFDYLW\DVDK\GUDXOLFQHWZRUN7KLVLQGLUHFWPHWKRGLVEDVHGRQWKHXQLTXHUHODWLRQEHWZHHQWKHWRWDO
DLUSUHVVXUHGLIIHUHQWLDO¨۾܌ܚܑܞDFURVVWKHFDYLW\DQGWKHUHVXOWLQJDLUIORZ4ZKLFKLVPRVWRIWHQILWWHGZLWKDSRZHU
ODZIXQFWLRQ
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7KLVUHODWLRQVKLSZDVGHWHUPLQHGE\/DQJPDQVDQG5RHOV>@IRUERWKFODGGLQJV\VWHPV)RUWKHEULFNYHQHHUOD\HU
ZLWKRQHRSHQKHDGMRLQWSHUPHWHU&LV$&+3DQDQGH[SRQHQWQLV)RUWKHV\VWHPVZLWKVLGLQJ&LV
$&+3DQDQGQLV
 &RPSDULVRQRIYHQWLODWLRQUDWHEHKLQGEULFNYHQHHUDQGVLGLQJV
2UGHURIPDJQLWXGH
)LJXUHGHSLFWV WKHFXPXODWLYHGLVWULEXWLRQRI WKHDLUFKDQJHUDWHVEHKLQGERWKV\VWHPV IRUWKHSHULRG IURP
)HEUXDU\XQWLO-XO\IRUWKH6RXWKZHVWRULHQWHGZDOOV'XULQJWKLVSHULRGWKHEULFNYHQHHUZDOOZDVSURYLGHG
ZLWKRSHQKHDGMRLQWSHUPHWHU2+-PDWWRSDQGERWWRP)RUWKHV\VWHPZLWKVLGLQJVERWKWKHRSHQLQJDWWKH
WRSDQGERWWRPZHUHRSHQ7KHPHDVXULQJUHVXOWVLQGLFDWHGWKDWWKHDLUFKDQJHUDWHEHKLQGEULFNYHQHHUZDVEHORZ
WKHPHDVXULQJDFFXUDF\ RI WKH DSSOLHGDQHPRPHWHU $&+K$VDFRQVHTXHQFH WKHUHVXOWV IRU WKH WHVWZDOO
ZLWKEULFNYHQHHUDUHUHVWULFWHGWRWKHDLUSUHVVXUHPHDVXUHPHQWVLQUHG)RUWKHV\VWHPVZLWKVLGLQJVRQWKHRWKHU
KDQGERWKWKHUHVXOWVREWDLQHGIURPWKHDLUSUHVVXUHPHDVXUHPHQWVDQGWKHSRLQWDQHPRPHWU\DUHJLYHQLQEODFNDQG
JUH\ 7KH FRPSDULVRQ RI ERWK PHWKRGV LQ )LJXUH  VKRZV D JRRG DJUHHPHQW EHWZHHQ WKHVH WZR PHDVXULQJ
WHFKQLTXHV)LJXUHJLYHVLQDGGLWLRQWKHDQGSHUFHQWLOHVRIWKHDLUFKDQJHUDWHVEHKLQGERWKV\VWHPV7KH
UHVXOWV LQGLFDWH WKDW GXULQJ WKLV PHDVXULQJ SHULRG WKH DLU FKDQJH UDWH EHKLQG WKH EULFN YHQHHU LV WZR RUGHUV RI
PDJQLWXGHVPDOOHUWKDQEHKLQGWKHV\VWHPVZLWKVLGLQJV,WZDV IRXQG WKDWIRURIWKHWLPHWKHOHYHORIFDYLW\
YHQWLODWLRQEHKLQGWKHEULFNYHQHHUOLHVEHWZHHQ±$&+)RUWKHZDOOZLWKVLGLQJVWKLVZDVEHWZHHQ
DQG$&+
)LJXUH&XPXODWLYHGLVWULEXWLRQIXQFWLRQRIDLUFKDQJHUDWHEHKLQGEULFNYHQHHU2+-PDQGVLGLQJVEDVHGRQPHDVXUHGSUHVVXUH
GLIIHUHQWLDOVUHGEODFNDQGEDVHGRQWKHPHDVXUHGYHORFLW\IRUVLGLQJVJUH\IRU6RXWKZHVWRULHQWDWHGZDOO
,PSDFWRIRSHQLQJV
,QWKHSHULRGIURP$SULO-XO\RIWKHLPSDFWRIWKHYHQWLODWLRQRSHQLQJVZDVWHVWHGRQWKH6RXWKZHVWRULHQWHG
ZDOOVHFWLRQV2QHRIWKHEULFNYHQHHUZDOOVZDVOHIWZLWKRQHRSHQKHDGMRLQWSHUPHWHUDQGWKHRWKHURQHKDGWZR
RSHQKHDGMRLQWVSHUPHWHU)RUWKHV\VWHPVZLWKVLGLQJRQHRIWKHZDOOVZDVNHSWZLWKERWWRPDQGWRSYHQWLODWLRQ
JULGRSHQDQGIRUWKHVHFRQGZDOOZDOOWKHWRSYHQWLODWLRQRSHQLQJZDVFORVHG
)LJXUH  UHYHDOV WKDW WKH LPSDFW RI FORVLQJ WKH XSSHU YHQWLODWLRQKROHV RI WKH VLGLQJV FRUUHVSRQGV WR D WR 
UHGXFWLRQRIWKHYHQWLODWLRQUDWH7KHUHDVRQIRUWKLVUDWKHUOLPLWHGUHGXFWLRQLVUHODWHGWRWKHIDFWWKDWVLGLQJVDUHQRW
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FRPSOHWHDLUWLJKW7KRXJKLWLVQRWDIXOO\RSHQMRLQWV\VWHPVWLOODVLJQLILFDQWDPRXQWRI WKHYHQWLODWLRQLVUHDOLVHG
WKURXJK WKH MRLQWV LQ EHWZHHQ WKH VLGLQJV ,Q D VHSDUDWHDLU SHUPHDELOLW\PHDVXUHPHQW >@WKH&FRHIILFLHQW RI WKH
VLGLQJVZDVIRXQGWREHPñPð3DQVDQGWKHIORZH[SRQHQWQZDVLQDFFRUGDQFHZLWKHTXDWLRQ
)LJXUH&XPXODWLYHGLVWULEXWLRQRIWKHDLUFKDQJHUDWHEHKLQGVLGLQJVOHIWDQGEULFNULJKWLPSDFWRIYHQWLODWLRQRSHQLQJV6RXWKZHVW
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